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I.  INTRODUCTION 


During  the  period  Jir^  1962  to  January  1970 ,  the  staff  of  the  Gas 
Dynandcs  Laboratory  carried  out  a  series  of  experimental  studies  to  define 
the  characteristics  of  hypersonic  wakes.  These  fundamental  studies  of  the 
near  and  far  wake  were  carried  out  in  a  range  of  Mach  numbers  fixm  9  to  16  in 
a  series  of  facilities  using  air  and  helium.  A  major  enphasis  of  the  program 
was  the  obtaining  of  detailed  information  on  three  dimensional  wakes  of 
"support  free"  bodies  using  a  corbinaticn  of  a  magnetic  suspension  system  and 
a  heliun  h>'pen>onic  wind  tunnel.  The  develojsnent  of  the  research  mi^t  be 
best  characterized  with  time  by  the  change  in  emphasis  over  tie  period  of 
the  (xntract.  During  the  1962-64  periexJ,  two  pax^lel  programs  were  carried 
out.  Exploratory  stxjdies  of  the  wakes  behind  two  dimensional  cylinclers  at 
Mach  nirbcre  of  9  and  16  were  carried  out  at  the  same  time  as  the  development 
of  the  magrtetic  suspension  system.  The  suspension  system  was  completed  and 
put  into  eperatien  in  1964  and  c»uld  suspend  spheres  and  conical  bcxlies  in 
a  Mach  16  heliun  stream.  In  the  1964-66  time  period,  the  major  emphasis  was 
on  the  detemdnaticn  of  wake  charecteristics  for  spheres  and  then  sharp  10° 
half  angle  ocxies  with  bl'int  bases.  By  1967  the  stixJy  was  extencted  to  the 
effect  of  blunting  the  cenes.  In  1968,  other  geometries  weie  studied.  The 
irfluence  of  a  hemisiherical  base  on  the  original  blunt  based  rene  cxanfiguraticjn 
and  the  effect  of  changing  the  bovxidary  layer  characrteristics  cn  the  bexJy 
by  "fluting"  of  the  surface  were  examined.  During  the  l2ist  year  of  the 
contract,  work  cxntinued  on  the  hemispherical  based  model  and  preliminary 
work  was  carried  out  to  extend  •die  studies  to  higher'  Reyr.olc3s  nunbers  to 
obtain  sane  preliminary  information  on  tlic  transition  iri  the  wake. 
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Ihe  following  section  of  this  report  reviews  the  planned  research 
and  work  statements  with  brief  ccmnents  cn  "ttie  results  chtained.  Ensuing 
sections  review  the  research  results  >  most  of  vhich  have  been  widely 
dissaninated  through  publications  and  conference  presentations;  and  finally 
there  is  a  listing  of  reports,  publications  and  presentations  carried  out 
under  the  subject  contrairt. 


II.  PEVIEW  OF  WORK  STATEMENTS 

The  general  work  statement  under  vhich  the  research  w^^s  carried  out 
was  a  "flndamental  Investigation  of  Near  and  Far  V?akes  Dehind  Various  Shaped 
Bodies  at  Hyperscnic  Speeds".  The  details  of  the  research  were  determined 
by  results  which  were  obtained  duririg  the  progress  of  the  program  and  by 
nunercus  consultations  with  WR  and  ARPA  representatives.  In  this  section, 
th--.;  general  work  statement  is  reviewed  by  listing  the  main  tasks  and  tlie 
status  of  research  each  area.  Further  details  cn  each  of  these  items 
is  covered  in  tlie  following  section  cn  "Review  of  Research  Results". 

A.  TWo-Dimensional  Wakes. 

The  primary  thrust  of  the  research  was  cn  three  dimensicnal  bodies 
but,  during  the  constructicn  of  the  magnetic  suspension  system,  tvro  dimensional 
stxxiies  at  a  Mach  number  of  9  in  air  and  a  Mach  number  of  16  in  helium  were 
earrde.-l  art  to  supplement  other  investigations.  These  studies  also  helped 
in  the  development  of  the  instrumentation  required  for  wake  probing.  Upon 
c^npletion  of  the  magnetic  suspension  system  the  entire  experimental  effort 
was  placed  on  three  dimensional  bodies  and  all  further  two  dimensiaial  worJc 
was  disccntinued . 
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B.  The  Magnetic  Suspension  System  -  Itypersonic  Tumel  Development. 

The  magnetic  suspension  system  provided  an  iirportant  and  rather  unique 

contribution  to  the  studies  over  the  subsequent  years.  Althou^  the  suspen¬ 
sion  system  was  never  brought  to  the  state  of  development  vhere  any  configur¬ 
ation  could  be  flown  without  difficulty,  the  work  on  the  suspension  system 
was  continued  to  the  point  vherG  spherical  and  conical  models  could  be  flown 
consistently  under  the  dasired  test  conditions  (a  Mach  number  of  16  and  a 
Reynolds  nuribsr  of  approximately  120 ,000  per  inch) .  After  the  original 
develc^xnent ,  only  such  minor  modifications  to  the  system  as  were  required 
for  the  tests  tiiac  were  planned  were  carried  out.  Althou^  considerable 
further  work  would  have  been  valuable  for  the  genei^  development  of  the 
system,  it  was  felt  that  it  would  not  have  oontributed  significantly  to  the 
Ccpability  to  do  the.  work  under  this  contract.  The  hypersonic  helitm  tunnel 
used  in  these  stxidies  was  an  extension  of  previous  experience  of  the  Gas 
Dynamics  Laboratory  and  required  no  new  developments. 

C.  Sphere  Wakes, 

Studies  of  the  wakes  of  spheres,  the  first  body  tested  using  the 
magnetic  suspension  system,  were  carried  out  to  the  point  vhere  full  analysis 
of  the  results  shewed  that  far  wake  results  oould  not  be  obtained  because 
of  the  interaction  of  the  strong  bow  shock  with  the  tunnel  wall  boundary 
layers.  Since  the  purpose  of  the  program  was  to  study  both  near  and  far 
wakes,  the  work  on  spheres  was  discontinued  and  the  primary  emphasis  was 
then  placed  on  conical  bodies. 

D.  Transition  Studies. 

One  of  the  main  results  obtained  frem  the  spJ^erical  body  tests  vjcs 
that  transition  did  not  occur  althov^  the  program  had  been  designed  to  stijdy 
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transition.  It  was  fbtnd  that  no  transition  occurred  within  the  test  region 
and  it  was  estimated  that  transition  occurred  at  about  a  factor  of  3  hi^r 
than  had  been  observed  in  firing  ranges.  Preliminary  results  of  hot  wire 
surveys  behind  spheres  with  some  cements  ocnceming  transition  arc  noted 
in  the  following  sections  along  with  some  preliminary  resxjlts  obtained  at 
hi^  Reynolds  nvirbers  on  ocnes. 

E.  Sharp  and  Blunt  Gone  W^es. 

Studies  of  the  wake  of  a  sharp  10°  cone  were  ocnpleted.  Ihe  subsequent 
study  of  the  effect  of  blmtness  on  the  same  cone  varying  the  configuration 
from  a  sharp  oone  to  one  with  a  nose  radius  ?0%  of  the  base  .^dius  also  was 
conpleted.  Possible  extension  of  this  work  to  small  angle  of  attack  and 
non-synroetric  hodies  was  not  carried  out  vhen  analysis  and  pieliminicty 
stxxiiea  showed  that  significar^t  nodifioatiens  to  the  magnetic  sispension 
system  would  have  to  be  aooonplished  to  permit  such  stxxlies. 

F.  Low  Density  Studies. 

Althoui^i  early  proposals  considered  extending  tiie  present  work  to  a 
very  low  density,  the  detailed  examination  of  the  wake  showed  that  the  cere 
of  the  wake  was  already  in  a  density  regime  where  major  viscous  effects 
predeminated.  Althou^  some  e>q>loratacy  stud'es  were  carried  out  in  a  few 
tests  to  determine  the  requirem^s  for  using  the  magne  tic  suspension  system 
on  a  hot  nitrogen  facility  to  provide  much  lower  densities ,  Ihe  program  was 
not  pursued  because  of  lack  of  interest  by  ARPA. 

G.  Surface  and  Base  Geometry  Effects  on  the  Wake. 

The  examination  of  body  geometry  cn  the  wake  flow  covered  the  range 
from  a  sphere  to  a  sharp  oone  to  a  blunted  cone.  Extensions  of  these  studies 
to  a  cone  with  a  hemispherical  base  to  evaluate  base  geometry  effects,  and 


also  to  a  shaxp  blunt  based  ocne  with  a  fluted  surface  to  detexndne  the 
effects  of  varjdng  the  boundary  layer  were  undertaken  during  the  last  18 
months  of  the  subject  contract.  Preliminary  tests  of  a  fluted  cone  and  the 
first  phase  of  the  hemispherical  based  cone  stvxfy  were  conpleted,  although 
neither  of  these  two  studies  are  caiplete  enou^  for  publication.  Further 
studies  on  both  of  these  geometries  are  required,  althou^  the  available 
results  have  been  disseminated  to  interested  parties. 

H.  Wire  Sijpport  Effects. 

Ihe  magnetic  suspension  system  provides  a  corpletely  6v?>port-free 
body  which,  in  a  wind  tunnel,  is  as  close  as  one  can  come  to  free  fli^t. 

A  few  studies  were  carried  out  to  examine  the  effect  of  physical  supports, 
although  no  major  effort  was  placed  on  this  study.  Wires  supporting  sjheres 
were  found  to  cause  ocmsiderable  disturbances  in  the  wake.  Plans  to  repeat 
these  tests  on  cones  were  not  conpleted,  althou^  planned  for  under  the 
subject  contract. 

I.  Effects  of  Mach  Nuitoer,  Reynolds  Number,  and  Surface  Temperature. 

The  effect  of  variable  Mach  number,  Reynolds  nuiber,  and  surface 

temperature  on  the  detailed  wake  studies  obtained  for  sharp  and  blunted 
cones  were  not  carried  out  although  considerable  cJiscussion  tcxdc  place  with 
regards  to  the  importance  of  such  tests.  The  present  facility-magnetic 
suspension  system  combination  did  not  permit  very  wide  variations  in 
IteynolcJs  number,  withourt  significant  mociificatiens .  As  a  result,  most  of 
the  experiments  were  carried  out  under  a  single  set  of  1:est  conditions,  Mach 
nurber  16  and  a  Reyrolds  number  of  ajproximately  120,000  per  inch.  Mach 
nuiber  variations  oouild  have  been  carried  out  by  changing  to  a  different 
nozzle  oonfiguration ,  but  this  assumed  lew  priority  in  the  present  program 
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and  was  not  atteirpted.  Extension  of  the  present  results  to  hi^  Reynolds 
numbers  were  attenpted  during  the  last  phase  of  the  contract  using  v^atever 
equipment  was  available  and  operating  the  facilities  in  a  range  not  heretofore 
attenpted.  Preliminaiy  results  were  obtained  on  v^iat  appeared  to  be  transition 
in  the  wake.  The  genezed.  characteristic  of  the  disturbances  forming  an 
annulus  around  an  undisturbed  core  sippcrted  earlier  results  obtained  fixm 
the  sphere.  Plans  for  tests  of  a  model  to  test  surface  tenperature  effects 
were  put  aside  when  the  required  modifications  to  the  suspension  system  could 
not  be  financially  supported.  Preliminaiy  tests  showed  Ihat  a  heavy  copper 
model  could  be  pre-chilled  for  the  tests, but  llie  added  wei^t  of  this  model, 
as  oorpared  to  the  basic  model,  required  a  change  in  the  suspension  geometry* 

III.  BRIEF  REVIEW  OF  RESEARCH  RESULTS 

In  the  follcwing  section ,  *  the'  researcli  results  .obtained 
from  the  subject  cxjntract  are  reviewed.  Since  nost  of  the  work  is  available 
in  p^jblished  form  and  has  been  discussed  in  detail  vath  those  groups  directly 
involved  in  wa3ce  calculations  and  research ,  the  cenments  will  be  brief. 

1.  IWo-Dimensional  Wakes 

During  the  early  phase  of  the  subject  contract,  while  the  magnetic 

suspension  system  was  under  construction ,  two  studies  were  carried  out  on 

the  two  dimensioTial  wakes  b^ind  cylinders.  One  of  these  was  carried  out  at 

a  Mach  number  of  16  in  the  helium  facilities'’^,  the  other  at  a  Mach  number 

2  7 

of  9  in  a  small  hot  air  facility  ’  .  These  studies  extended  downstream 
^jpraximately  50  boefy  diameters  and  used  cylinders  approximately  a  tenth  of 
an  inch  in  diameter.  The  results  provided  an  extension  of  two  dimensional 
eJata  at  lower  Mach  numbers.  The  rate  of  growth  of  the  wake  was  about  equal 


to  that  found  at  the  lower  Mach  nuribers  and  txiere  appear  to  be  no  dependence 
of  wake  growth  on  either  Mach  nuriber  or  Reynolds  nurber.  It  was  adso  found 
that  it  was  not  possible  to  determine  transition  from  the  pitot  pressure 
surveys  alone,  and  no  longitudinal  pressure  variations  or  discontinuities 
were  found  over  the  entire  length  of  the  wake.  The  wake  decay,  (diffusion 
of  the  inner  wake) ,  was  shown  to  be  an  exponential  decrease  in  the  pitot 
anplitude  with  inoreasing  wake  length. 

2 -A.  Magnetic  Suspension  System. 

The  development  of  the  magnetic  suspension  system  was  one  of  the  key 
achievements  of  the  early  part  of  the  program.  Although  the  French  had 
previously  shown  proof  of  the  ocaioept,  the  system  built  at  Princeton  (using 
inputs  frxDm  studies  being  carried  out  at  both  Virginia  and  AEDC)  resulted 
in  a  system  which  was  a  significant  step  forward  in  this  area.  References  3, 
6,  8  and  9  detail  the  development  of  the  balance.  Major  work  on  the  balance 
was  completed  in  1965  and  only  small  modifications  were  made  since  then  to 
take  into  account  the  variations  in  geometries  and  test  oonditicns  during 
the  latter  part  of  the  program. 

The  suspension  system  was  of  a  rather  unique  geometry.  By  nounting 
the  tunnel  vertically,  the  suspension  system  could  be  made  synmetric.  The 
inagnetic  geometry  chosen  uncoupled  t3ie  nagnetic  forces  of  the  drag  coipcnents 
from  the  stabilization  forces.  The  suspension  system  was  designed  only  to 
satisfy  the  requirements  to  suspend  axisynmetric  bodies,  starting  first  with 
a  sphere  and  then  extending  to  cones.  The  cones,  however,  were  non-magnetic 
shells  W3.th  an  embedded  magnetic  sphere  as  the  only  active  oenpenent  in  the 
system.  The  magnetic  suspension  system  very  satisfactorily  supported  spheres 
of  3/8  and  3/4  inch  diameter,  10°  cones  of  3/4  inch  to  1  1/2  inch  diameter, 
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and  ocnes  of  1  inch  base  diameter  blmted  to  20%  of  the  base  diameter.  Seme 
difficulty  was  ejqjerienced  suficorting  a  fluted  cone  ar.d  considerable  difficulty 
was  e;  ^-ienoed  si^sporting  the  cone  with  the  round  base.  This  latter  problem 
appaars  to  be  due  to  non-syimvetric  separation  over  the  base  and  the  generaticn 
of  significant  side  forces.  Since  the  system  was  designed  for  only  snail 
side  forces,  fully  satisfactory  operation  for  this  configuration  was  not 
obtained  although  it  is  believed  that  the  balance  co\d.d  be  modified  to  take 
care  of  this  problem.  The  concept  of  the  magnetic  suspension  system  proved 
to  be  conpletely  workable.  An  unforeseen  difficulty  in  only  one  area  of 
research  developed  toward  the  latter  part  of  the  program.  Because  of  the 
magnetic  field,  instrumentation  such  as  electron  beams  can  not  be  used  in 
■diis  system.  Correlatiai  between  models  cn  physical  supports  in  a  similar 
facility  witriout  the  magnetic  field  and  tests  with  other  instrimentation  in 
the  magnetic  field  were  required  to  make  use  of  the  special  characteristics 
of  the  electron  beam. 

2-B.  Hypersordc  Tunnel  Development. 

The  hypersonic  tvnnel  used  in  tiie  present  studies  is  a  direct  model  of 
a  facility  in  operation  under  support  from  the  Aeronautical  Research  Laboratory. 
The  tunnel  uses  pure  helium  as  a  test  fluid  and  can  generate  Mach  nurbers  from 
the  8  to  20  range.  A  Mach  nuiber  of  16  was  chosen  for  the  present  tests.  A 
special  long  test  section  was  designed  to  permit  the  study  of  the  development 
of  the  wake  behind  the  test  body  in  a  uniform  region.  Since  optical  windows 
had  to  be  installed  in  this  test  region  (for  the  light  screen  detection 
system  required  for  the  magnetic  suspension  system) ,  the  model  was  "flcwn” 
downstream  of  the  nozzle  exit  in  cenparison  to  the  usual  vase  of  the  forward 
half  of  the  test  rombuB  in  ordinary  aerodynamic  testing.  The  final 


ccnfigviration  used  was  a  test  secticn  of  apprcndjnately  7  inches  in  dienwter 
which  resulted  in  a  uniform  test  core  of  about  4  ind^  in  diameter  extending 
about  15  inches  downstream  of  -O^e  model  mocnting  position.  The  fe^ility  and 
its  details  were  described  in  Reference  4. 

3.  Study  of  Sphere  VJakes. 

The  first  studies  of  three  dimensional  wakes  started  with  examining 
the  wake  behind  a  sphere.  This  gecmetry  was  chosen  because  of  the  availability 
of  results  in  firing  ranges  and  the  sirple  symmetric  gecxnetiy.  The  test  model 
ocjnsisted  of  a  Ferrite  sphere.  Origineilly  the  test  model  was  3/4  inch  in 
diameter  but  subsequent  results  showed  the  need  for  a  smaller  sphere  and 
modifications  to  -Oie  system  permitted  spheres  of  3/8  inch  diemeter  to  be  flown. 
Details  of  this  study  were  presented  in  Pcferencse  4  vhere  the  results  were 
cxrpared  with  theories  and  two  dimensional  experiments,  Vlake  width  data 
agreed  well  with  the  ballistic  rarrge  results  in  the  Mach  mrrber  10  range  and 
were  substantially  above  the  ballistic  range  data  obtained  at  lower  Mach 
nurhers.  One  of  the  most  interesting  results  was  the  fact  that  hot  wire 
studies  of  the  wake  suggested  that  the  flow  was  corpletely  loninar,  although 
extrapolation  from  free  fli^t  results  indicated  that  trensiticn  should 
have  cxxMTTQd  within  the  examined  region.  More  important,  the  hcrt  wire 
surveys  indicated  for  the  first  time  a  structxire  of  transition  or  disturharxses 
'  hich  was  annular;  that  is,  distxirhanoes  were  fovnd  at  the  outer  edge  of  the 
wake  but  ncrt  wi  hdn  the  central  cx>re.  Subsequent  studies  of  the  differences 
between  the  wakes  of  the  two  diameter  spheres  shewed  that  the  general  flow 
field  downstream  of  the  spheres  was  influencjed  by  the  interacticxi  of  the 
strong  bow  shcxdc  and  the  tinnel  walls  and  boundary  layer  .  As  a  result, 
further  studies  were  deferred  and  efforts  vjere  concentrated  on  oonical 
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bodies  whose  bow  shock  stnjcture  caused  no  interference  in  the  regicn  of 
interest. 

4-A.  Study  of  Sharp  Oone  Wakes. 

The  modification  of  the  suspensicn  system  to  permit  the  study  of  the 
behind  cones  was  aocoiplished  with  no  major  difficulty.  A  non-magnetic 
shell,  nade  of  copper  or  tantalim  and  nylcn,  was  used  for  the  exterior  shape 
virile  a  magnetic  sphere  (similar  to  the  sphere  model  flown  in  the  original 
study)  uias  imbedded  vdthin  the  model  at  a  location  which  provided  an 
aerodynardcally  stable  oonfiguraticn  vnder  test.  Most  of  the  oone  studies 
v»ere  carried  out  with  the  body  of  1  inch  base  di^BT^eter,  providing  a  test 
regicn  behind  the  body  of  about  15  diameters.  The  only  problems  associated 
vd^  the  tests  viere  "roll  resonance",  a  phencmena  vhich  was  fomd  to  also 
influence  actual  test  vehicles.  It  results  from  slight  misaligments  of 
aerodynamic  and  geometric  centers.  Satisfactory  results  were  obtained  vath 
quality  control  of  the  models  and  the  siiiple  discarding  of  models  v^ich  spun 
during  tests.  The  major  efforts  since  1965  have  concentrated  on  conical 
models  of  various  geometries.  The  results  cn  sharp  cones  have  been  presented 
in  detail  in  References  10,  11  and  15.  These  tests  have  resulted  in  the 
detailed  presentation  of  the  physical  properties  of  the  laminar  hypersonic 
wake  behind  such  a  body,  extending  from  the  base  regicn  to  15  diameters 
downstream.  The  results  showed  that  the  near  wake  was  oonpleted  within 
about  5  body  diameters.  Downstream  of  this  regim,  which  included  the 
separated  regicn,  the  stagnation  point,  the  throat,  and  the  trailing  shock 
structure ,  the  wake  remained  at  approximately  constant  dianeter  within  the 
test  regicn  vd.th  negligible  variations  in  press'ire  across  the  wake.  The 
detailed  measurements  provided  a  full  model  of  the  flow  upon  vhich  to  check 


-  10  - 


the  several  nonerioal  methods  of  predicting  such  flows.  The  key  cheonacteristics 
of  ihe  hypersonic  wake  was  that  the  density  changed  by  over  two  orders  of 
magnitude  going  frcm  the  edge  of  "ttie  ueke  to  Ihe  oer.ter  of  the  wake  while 
the  velocity  within  the  w^dce  accelerated  quickly  to  approximately  80%  of 
the  free  stream.  The  general  structure  of  the  wake  was  one  of  major  density 
differences  rather  than  major  velocity  differences.  The  mixing  rates  were 
extremely  small.  The  very  wide  variation  in  unit  Reynolds  nvirber  across  the 
wake  caused  the  main  problems  in  the  instiMnentaticn.  Ocnsiderable 
difficulties  were  experienced  in  exanininj;  these  flows  since  the  range  of 
conditions  covered  was  much  greater  thai^  heretofore  experienot>d .  Rediixlant 
techniques  using  instnuientation  of  many  types  were  required.  Results  frcm 
total  head  tubes,  static  pressure  tubes,  hot  wire  anemometers,  heat  flux 
meters,  and  mass  flow  probes,  were  used  to  cross-check  measurements  to 
prove  validity  of  the  final  results.  Detailed  examination  of  the  flow  field 
as  probing  took  place  within  the  separated  region  showed  that  probe  effects 
could  not  be  eliminated  within  this  region.  Therefore,  most  of  the  results 
obtedned  were  oonoentrated  on  obtaining  the  full  structure  of  the  flow  rather 
^an  on  details  within  ttie  recirculaticn  regicn.  Determinaticn  of  the  _ 
stagnation  point,  sonic  areas,  and  the  full  5tT^xrtu^e  of  ttie  trailing  shock 
and  definitions  of  the  near  and  far  wake  were  ccnpleted. 

4-B.  Study  of  Blurt  Cone  Wakes. 

As  a  direct  follow  on  to  the  sharp  cone  studies  noted  above,  the 
prirary  geometrical  factor  examined  was  the  effect  of  nose  blvrrtness  cn  the 
wake  structure.  The  studies  of  the  sharp  cone  were  repeated  with  nose 
bluntnesses  varying  from  the  sharp  to  Uluntncrses  of  irucJi  as  20%  of  tlio  I'ose 
diameter.  These  results  were  presented  in  Ref-  i'ences  12,  14  and  16. 
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lnprovements  in  instrunentaticn ,  whicn  acocrpanied  ■ttiese  latter  stxidies,  gave 
even  more  precis icn  to  the  results  vhich  were  obt£dned.  In  general,  although 
details  within  the  wake  stnicture  were  changed,  the  overall  phencnena  was  not 
much  influenced  by  blurtness  of  the  degrees  studied.  FXirther  verific:atic3n 
and  detail  of  the  wake  structure  was  obtained  and  hot  wire  work  oonfirmed  that 
the  wake  was  entirely  laminar  throughout  the  regicn  strxiicd,  although  some 
disturbances  were  measured  along  the  outer  edge  of  the  wake.  This  reinforced 
the  concept  that  transition,  vhen  it  did  occur,  must  occur  in  an  annular 
regicn  surrovnding  the  outer  edge  of  the  wake.  The  cJifferenoes  between  the 
uut  Reynolds  nuiber  in  this  outer  regicn  and  in  the  central  wake  were  two 
orders  of  nagnitude  and  the  exmoept  of  transition  occurring  across  the  wake 
seemed  to  be  ocirpletely  unreasonable. 

S.  Other  Cone  Studies. 

It  was  hoped  to  extend  the  work  on  sharp  and  blinted  cones  to  examine 
several  key  parameters  in  wake  development.  Eieaminaticn  of  the  wake  on  these 
bodies  at  a  significantly  different  Reynolds  number,  but  still  lamixrar,  was 
proposed;  but  within  the  limitcttions  of  the  present  contract  it  could  rrot 
be  carried  out.  The  facility,  in  its  basic  form,  provided  only  a  relatively 
snail  Reynolds  nurber  variation  by  changing  stagnation  pressure.  In  an 
attempt  to  obtain  some  idea  of  ^e  influence  of  the  change  of  boundary  layer 
characteristics  on  the  body  on  the  wake  development,  a  preliminary  study 
was  carried  out  with  a  sharp  cone  with  its  surface  fluted  edong  rays  of  the 
cone.  Flutii^  acoorplished  a  dovbling  of  the  thic3cness  of  the  shear  layer 
at  dne  base  of  the  cone  without  disturbing  the  external  inviscid  flow  field. 
Results  of  this  study  were  presented  in  Reference  13.  Al-ttxxjgh  "these  studies 
were  of  a  rather  preliminary  nature,  they  showed  a  definite  thickening  of  the 
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w^e  but  no  significant  changes  in  the  overadl  characteristics.  The  trailing 
shodc  was  more  diffuse  but  the  major  density  changes  across  the  wake  were 
approximately  the  same  as  that  for  the  case  of  the  smooth  surface  cone. 
Preliminary  work  was  also  started  cn  a  sharp  tipped  cone  with  a  hendspherical 
base.  These  e>q)eriments  were  undertaken  to  examine  the  effect  of  this 
cn  wake  stnjcture  and  to  permit  a  ocrpaiiscn  with  theoretical  predictions 
which  require  a  priori  a  knowledge  of  the  sepciraticn  point.  For  the  flat 
based  models  the  sharp  rear  edge  provides  the  point  of  separation,  vhereas 
the  radius  of  curvature  of  the  hemispherical  base  model  is  substantially 
larger  ^tan  the  bomdary  layer  thickness  and  provides  a  test  of  a  different 
theoretical  treatment.  Moreover,  a  two-dimensicnal  model  with  a  cylindrical 
base  has  beer.  tMted  at  lower  supersonic  speeds.  It  was  hoped  that  a  ocmpaxison 
of  these  data  might  shed  additiortal  li^t  with  regards  to  two-dijnensional 
versus  axisynnetric  studies  and  to  further  eteduate  Mach  number  effects. 
Ihfbrtunately,  the  full  range  of  intended  measurements  could  not  be  ccnpleted 
unde*.'  the  subject  ccntrart.  Unexpectedly  laz^  side  forces  obtained  with 
the  model  in  the  magnetic  susperwicn  system  were  beyond  our  existing 
instxMnentation  capability.  Only  a  few  preliminary  results  were  obtained 
before  the  contract  concluded.  In  spite  of  the  substantial  difference  in 
base  geometry,  the  center  line  base  pressure  was  nearly  exactly  the  saae  on 
this  model  as  that  of  -ttte  flat  base  model.  The  ndnimjn  pressure  measvsmd 
on  the  base,  relative  to  the  center  line  pressure,  was  markedly  onaller  tiun 
^t  of  the  two-dimensional  low  Mach  nurber  experiments ,  and  occurred 
appreciably  closer  to  the  center  line.  In  oontrset  to  the  two-dimensional 
results ,  furthermore ,  practioally  no  ocnstant  preesxjre  region  was  observed 
on  the  btfe.  These  observations  suggested  the  boundary  layer  over  the 
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hemispherioal  base,  expanding  more  gradually  than  on  the  flat  base,  eventually 
separates  fron  the  surface  in  the  region  fairly  close  to  "ttYe  center  line.  As 
a  result,  the  re-circulaticn  regions  is  quite  small.  Limited  pitot  pressure 
surveys  substantiated  these  results.  The  pitot  pressure  budcet  behind  the 
body  is  sanewhat  deeper  and  broader  than  for  the  blunt  base,  the  separaticn 
shock  is  initiated  more  grvkdunlly  fron  the  separation  region  and  is  definitely 
weaker  than  for  the  bluit  based  configuration.  Considerable  further  work  is 
required  to  fully  clarify  the  differences  between  the  hemispherical  based 
model  and  the  flat  based  one,  and  sudi  stxjdies  require  some  modifications 
to  the  existing  facilities. 

6.  Preliminary  Results  at  High  Reynolds  Nurber. 

Near  the  ooipleticn  of  the  present  contract,  sane  exploratory  tests 
were  atrried  out  at  a  considerably  hi^ier  Reynolds  number  to  examine  whether 
any  indications  of  transition  to  turbulerrt  wake  flow  could  be  obtained. 

Operation  of  the  facility  was  carried  out  at  almost  thret  times  the  stagnation 
precsure  used  for  the  present  studies,  resulting  in  a  unit  Reynolds  nurber 
of  about  300 ,000  per  inch  ocnpared  to  the  120 ,000  of  the  basic  tests  reported 
above.  E)q>loratory  hot  wire  studies  of  "ttYe  wake  were  carried  out  but  it  should 
be  noted  that  the  flow  quality  in  the  test  region  was  not  at  the  same  level 
as  for  the  original  tests.  Ihe  higher  stagnation  pressure  requires  a 
i^rMification  to  the  nozzle  to  obtain  the  uniform  flows  obtained  at  iti>  design 
caYditions.  Althou^  there  were  variations  of  Mach  number  within  the  test  area, 
it  is  rYot  believed  that  tKv  had  a  primary  effect  on  the  results  which  were 
obtained.  Ihe  results  showed  that,  at  hi^r  Reynolds  nuibers,  significant 
non-steady  oanpcnents  were  found  at  the  edge  of  the  wake  regicns.  The  non- 
steady  results  obtained  by  the  hot  wire  exteiYded  over  only  a  very  narrow 
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regicT  at  the  outer  ecjge  of  the  shear  layer.  The  oentral  core  of  the  VM^ce 
remained  oorpletely  disturbanoe-free ,  as  indicated  by  these  prelindnary 
hot  vdre  studies.  The  results  are  quite  ancilogous  to  the  examination  of 
the  turbulent  bovndary  layers  on  the  vslls  of  the  facility,  where  large 
fluctuations  are  restricted  to  a  very  thin  layer  near  the  outer  edge  of  the 
boundary  layer  (the  core  of  the  wake  correspcnding  to  the  lower  part  of  •Oie 
bouxlary  layer) .  These  preliminary  results  have  formed  the  basis  for  our 
new  proposal  in  this  area,  but  considerable  further  woii<  arvd  refined 
measurements  are  required  before  any  definite  conclusions  on  the  structure 
of  the  wake  at  high  Reynolds  nuibers  can  be  completely  si^^ported.  The 
ccncept  of  an  nnr.ulpr  region  of  fluctxiations  or  turbulence  surrounding  a 
quiescent  low  density  core  appears,  however,  to  be  substantially  siqjported 
as  it  was  originally  proposed  from  the  early  work  on  spheres. 

7.  Other  Inccmpleted  Studies. 

Althou^  it  had  been  hoped  that  some  tire  could  liawe  been  put  on  the 
examination  of  the  interference  caused  by  wire  supports  of  models  (a  technique 
used  by  other  investigators) ,  only  the  early  results  (n  spheres  were  obtained. 
For  spheres,  significant  disturbances  of  the  wake  flow  were  measured  and 
considei>ab]e  differences  in  the  structure  of  the  flow  between  sv^jport-free 
and  wire  supported  spheres  were  obtained.  However,  it  should  be  noted  that 
these  results  cannot,  in  general,  be  extrapolated  to  wire  supported  oonicol 

models.  The  boundary  conditions  on  the  models  were  quite  different  as  well  as 
the  external  flot;  fields.  Further  woric  is  required  before  a  full  evaluation  of 
the  effect  of  wire  supports  on  conical  models  on  both  the  near  and  far  wake 
can  be  evaluated  with  oonfidenoe.  Proposed  studies  of  sui’faoe  tenperature 
effects,  nai-axisynmetric  configurations,  and  non-zero  angle  of  attack 
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ocnfigxiraticns  oould  not  be  imdertaken  within  the  present  ocntract  primarily 
because  of  di  "ficulties  associated  with  flying  more  oorplex  shapes  on  •tt>e 
present  magnetic  suspensicn  system  without  significant  modifications. 


IV.  OONCLUDDJG  RD1ARKS 

The  basic  purpose  of  the  subject  contract,  the  providing  of  the 
detailed  informaticn  on  the  hypersonic  wake  behind  axisyirmetric  bodies  of 
several  geometries,  has  been  acocmplished.  The  results  are  of  sufficient 
accuracy  and  detail  to  permit  the  checking  of  the  "pure  gas"  part  of  the 
several  nurerical  metiiods  used  to  calculate  sudi  wake  flows.  Although 
preliminaiy  results  were  obtained  for  many  of  the  other  parameters  which 
mi^t  be  of  interest ,  considerable  further  work  has  yet  to  be  done  before 
a  oonplete  picture  of  the  wake  flow  can  be  presented  with  confidence  that 
all  of  the  key  paremeteiTs  have  been  included. 
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